In this paper, a pencil graphite electrode was pretreated using chronoamperometry technique in phosphate buff er solution (pH=7.0) for sensitive determination of quercetin. Oxidation of quercetin was investigated using pretreated pencil graphite electrode and anodic stripping diff erential pulse voltammetry. Under optimal conditions, the anodic current of quercetin exhibited linear response to its concentration in the range from 0.001 to 1.5 μmol/L with the limit of detection of 0.3·10 -3 μmol/L. The proposed method was successfully applied for the determination of quercetin in cranberry and blackcurrant juices with recovery rate from 93.2 to 94.7 %. Solid-phase extraction was found to be necessary prior to voltammetric determination of quercetin in fruit juice samples using pretreated pencil graphite electrode.
Introduction
Quercetin is one of the fl avonoids of great importance due to its strong antioxidant eff ect that can be att ributed to the high numbers of hydroxyl functional groups and to its conjugated orbitals by which quercetin is able to donate electrons or hydrogens (1) . Besides their important biological roles in plant pigmentation, fl avonoids possess anticancer, antiviral and anti-infl ammatory properties, which are the consequence of their affi nity to proteins and their antioxidant properties. They are well known for their antioxidant abilities and hold promise for preventing age-related diseases, including heart disease and cancer (2, 3) . These health-related eff ects make the determination of quercetin of great importance. Separation methods predominate as an analytical tool for determination and quantifi cation of fl avonoids including liquid chromatography, thin-layer chromatography and electrophoresis (4) together with gas chromatography (5), spectroscopic (6) and electrochemical methods (7) . Compared with these methods, electrochemical techniques have some advantages such as high sensitivity, accuracy, simplicity, low costs and the possibility of miniaturisation. Among electroanalytical techniques, voltammetry is the most frequently used for the determination of readily oxidized species in food and pharmaceutical preparations (8) . Various kinds of electrode materials, including platinum (9) (10) (11) , gold (12) , glassy carbon (13) (14) (15) (16) (17) (18) , carbon paste (19) (20) (21) (22) (23) (24) (25) (26) (27) or graphene oxide-based (28) (29) (30) electrodes, have been successfully used for the study of the electrochemical behaviour of quercetin. Some of them have been proposed for determination of quercetin in real food and beverage samples such as fruits, fruit juices and tea samples (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) .
Quercetin is well known for its use as a redox mediator in carbon-based electrodes to enhance the electrocatalytic oxidation of some organic compounds such as dopamine (31), tyramine (32) (34) (35) (36) (37) . In this paper, we describe a simple and rapid method for the determination of quercetin using a pretreated pencil graphite electrode.
Materials and Methods

Reagents and equipment
All the reagents including quercetin (99.9 % purity) were purchased from Sigma-Aldrich (Prague, Czech Republic). Deionised water was used in this study (G≤0.055 μS). If necessary, dissolved oxygen was removed from the solutions by purging them with argon for 15 min (purity 99.99 %; Linde Technoplyn, Prague, Czech Republic).
A solution of quercetin (10 -3 mol/L) was freshly prepared with absolute ethanol and kept in a dark bott le during the experiments. Britt on-Robinson buff er (BRB; 0.1 M) solution was used as supporting electrolyte. A three-electrode system consisting of pencil graphite working electrode, Ag/AgCl/3.0 M KCl reference electrode and platinum wire (counter electrode) connected to a potentiostat (PalmSens, Ivium Technologies, Utrecht, The Netherlands) was used for electrochemical measurement. Pencil graphite lead with a diameter of 0.5 mm was obtained from A. W. Faber Castell, Prague, Czech Republic. A mechanical pencil (Rotring, Hamburg, Germany) was used as a holder for graphite lead in this study. Electrical contact was obtained by wrapping a metallic wire around the metallic part of the holder. For each individual measurement, a new graphite lead (fresh surface) was used with total of 10 mm of length immersed into the working solution. The term 'disposable' refl ects the ability of the graphite lead to be used for one defi nite voltammetric measurement (regardless of the number of cycles) until the fouling of the lead surface occurs.
The preparation of the pretreated pencil graphite electrode
Pretreated pencil graphite electrodes were prepared by a chronoamperometric technique described in our previous study (37) . The surface of pencil graphite electrode was pretreated by applying a potential of 1.45 V for 60 s in the supporting electrolyte (0.1 mol/L of phosphate buffer solution containing 0.1 mol/L of KCl, pH=7.0). Aft er the pretreatment, the pencil graphite electrodes were used for the determination of quercetin using anodic stripping diff erential pulse voltammetry (ASDPV; potential range: 0-0.8 V, potential step: 25 mV, potential pulse: 25 mV, pulse time: 0.05 s, and scan rate: 100 mV/s). The eff ect of pH, accumulation potential and accumulation time were optimised. All of the pencil graphite electrodes were treated directly before each measurement.
Sample preparation
Blackcurrant and cranberry juices were purchased on the local market and stored at refrigerated temperature prior to analysis. The preparation of the sample consisted of centrifugation at 2650×g (Nüve, Ankara, Turkey) for 20 min followed by solid-phase extraction of 10 mL of the supernatant using solid-phase extraction columns Strata ® C18-E (55 μm, 70 A; Phenomenex, Torrance, CA, USA). The target analyte was collected in 2 mL of methanol, then 50-μL aliquot was added to supporting electrolyte and measured. Any statistical diff erences were computed using a Student´s t-test at the probability level p=0.05 (OriginPro v. 9; OriginLab Corporation, Nort hamp ton, MA, USA).
Results and Discussion
The eff ect of pretreatment on the oxidation of quercetin
The responses of quercetin oxidation on the pretreated and bare pencil graphite electrode obtained using AS-DPV technique in a BRB at pH=3.0 were compared. As can be seen in Fig. 1 , the oxidation peak was obtained at the potential of 0.375 V using both pretreated pencil graphite electrode ((24.07±0.25) μA) and bare pencil graphite electrode ((10.03±0.12) μA) in the presence of 1.2 μmol/L of quercetin (p<0.01). Since the highest signal of quercetin oxidation was observed on the pretreated pencil graphite electrode, it was used in further experimental procedures. The oxidation of 3´,4´-dihydroxybenzoic moiety occurs at the potential of 0.375 V, as was confi rmed in other studies (9, 13, 18, 20, 27) .
The eff ect of the scan rate on the oxidation of quercetin
The electrochemical behaviour of pretreated pencil graphite electrode was investigated by recording diff erential pulse voltammetry in a BRB solution (pH=7.0) at various scan rates in the presence of 10 -5 mol/L of quercetin. As indicated in Fig. 2 , the oxidation currents increased linearly with the scan rate (Fig. 2, inset a) , giving the following equation:
where I a is the oxidation current (μA), v is the scan rate (mV/s) and R 2 represents the coeffi cient of determination. This fi nding indicates that the electrochemical process of quercetin on pretreated pencil graphite electrode was surface controlled. Also, a plot of the logarithm of the peak current (μA) vs. the logarithm of the scan rate (mV/s) was examined. This relationship was found to be linear with a slope of 0.827 (Fig. 2, inset b) . The value of the slope is close to the theoretical value of 1.0 of the adsorbed compound (38) . Moreover, another oxidation peak at 0.450 V appeared at low scan rates (up to 50 mV/s) using both bare and pretreated pencil graphite electrodes (Fig. 2) . Sokolová et al. (13) claimed that the second oxidation peak probably belongs to the oxidation product formed at the potential of the fi rst oxidation wave using glassy carbon electrode; however, their experiment was performed under strict anaerobic conditions. On the contrary, Brett and Ghica (9) suggested that the oxidation of the hydroxyl group at position 3 at the ring C gave the second oxidation wave at more positive potential. A very small peak was explained by the formation of an intermolecular hydrogen bond of the hydroxyl group (C-3) with the oxygen at position 4 at ring C. This claim was also supported in a study of structural elucidation of the quercetin degradation products in ethanol-water solution (17) .
The eff ect of some parameters on the determination of quercetin by ASDPV
The pH, accumulation potential and accumulation time have important eff ects on the determination of quercetin using ASDPV. As can be seen in Fig. 3 , the pH infl uenced both the oxidation potential and the oxidation current. The oxidation potential shift ed in the negative direction with increasing pH from 2.0 to 7.0, giving the following equation (Fig. 3, inset) :
The shift ing of the anodic potential with increasing pH at the rate of 68.6 mV per pH unit generally supports a reaction mechanism which involves equal number of protons and electrons. Oxidation of quercetin did not appear at pH≥8.0. It was found that the oxidation peak currents of quercetin on pretreated pencil graphite electrode gradually increased with the decrease of pH values, indicating the higher enhancement eff ect of pretreated pencil graphite electrode in more acidic conditions. However, the oxidation current of quercetin decreased aft er reaching the highest value at pH=3.0. The oxidation current depended on both accumulation potential and accumulation time (data not shown). Therefore, the optimum conditions were chosen as: supporting electrolyte BRB at pH=3.0, accumulation potential of 0.1 V and accumulation time of 120 s.
The enhancement of the electrochemical activity of pencil graphite electrode towards quercetin can be att ributed to the increased formation of oxygen-containing groups, such as carbonyl and carboxyl on the graphite lead surface during the treatment (39) . Quercetin as a molecule containing several hydroxyl groups bound to the aromatic rings (Fig. 4) acts as a weak acid.
The value of pK 1 =5.9 was reported in the solution under argon atmosphere (40) . We assume that specifi c interactions among oxygen-containing groups at the surface of the electrode and hydroxyl groups of quercetin occurred under acidic conditions. With increasing pH, oxygen-containing groups in pencil lead were deprotonized and anionic forms of quercetin (QH -and Q 2-) (13) were formed, leading to repulsion of negatively charged quercetin from the negatively charged surface. The same mechanism of interaction between tannic acid and the pretreated pencil graphite electrode was described in our previous study (37) .
As can be seen in Fig. 5 , the oxidation current of quercetin is proportional to its concentration in the range from 0.001 to 1.5 μmol/L with the calibration curve (Fig. 5 , inset) calculated with the following equation: noise ratio of 10). The repeatability of the method was inves tigated by the measurements of 50, 100 and 1200 nmol/L of quercetin (N=15) and the relative standard deviation (RSD) was found to be 3.9, 4.2 and 4.5 %, respectively. The linearity ranges and calculated LOD obtained from the pretreated pencil graphite electrode were compared with other methods. As can be seen in Table 1 , two papers proposed methods for the determination of quercetin with LOD close to μmol/L using modifi ed graphene oxide as an electrode material (29, 30) . Although the linear dynamic range was found to be bett er when using a glassy carbon electrode modifi ed with graphene oxide (29) , the preparation of graphene oxide is time-consuming procedure requiring strong oxidative compounds. The broadest working concentration range for determination of quercetin has been obtained in a study of Gupta et al. (24) with ionic liquid carbon paste electrode modifi ed with the nanocomposite mixture of carbon nanotubes and nickel oxide. Even though the pencil graphite electrode is very cheap, extremely sensitive, and simple renewable tool for electrochemical determination of quercetin, it offers excellent results referenced in the above-mentioned studies.
Interference studies
The infl uence of potentially interfering species on the detection of quercetin was investigated. The criterion used for determining the presence of interference was the peak current change of 5 % or greater at 10 -6 mol/L of 
Analytical application
The proposed method was applied to determine the presence of quercetin in cranberry and blackcurrant juices with the results shown in Table 2 .
It was necessary to include cleaning steps because of the solid contents in both samples. The presence of colourful antocyanins in cranberry and blackcurrant juices signifi cantly increased the background currents, thus decreasing the sensitivity of the pretreated pencil graphite electrode in this study (data not shown). The solid-phase extraction procedure successfully cleaned the sample from antocyanins and allowed to determine the presence of quercetin with a good recovery in the range of 93.24-94.72 %.
Conclusions
In this study the electrochemical determination of quercetin on the surface of pretreated pencil graphite electrode by anodic stripping diff erential pulse voltammetry has been investigated for the fi rst time. It was shown that the pretreatment procedure remarkably enhanced the oxidation peak current of quercetin compared with that using bare pencil graphite electrode. Under optimal conditions, the anodic peak current is linearly proportional to the concentration of quercetin at a wide concentration range and at very low limit of detection in comparison with other studies. The electrode is proved to be of high sensitivity and reproducibility. The working electrode used in this study can be purchased in local market at the minimum cost and requires minor modifi cation in phosphate buff er to be an excellent tool for voltammetric determination of quercetin. The method was successfully applied to the fruit juices; however, the cleaning and extraction steps are necessary for good recovery. 
